A mechanism is described by which interface electronic properties can affect bulk semiconductor behavior. In particular, experimental measurements by photoreflectance of Si(100)-SiO 2 interfaces show how a controllable degree of band bending can be introduced near the interface by ion bombardment and annealing. The resulting electric field near the interface can affect dopant concentration profiles deep within the semiconductor bulk by drastically changing the effective interfacial boundary condition for annihilation of charged interstitial atoms formed during bombardment. Kinetic measurements of band-bending evolution during annealing show that the bending persists for substantial periods even above 1000°C. Unusually low activation energies for the evolution point to a distribution of energies for healing of bombardment-generated interface defects. The findings have significant implications for p-n junction formation during complementary metal oxide semiconductor device processing.
I. INTRODUCTION
Comparing the physics of bulk solids with that of free surfaces or solid interfaces has long occupied substantial research effort. Curiously, much less attention has focused upon the direct coupling between these phenomena. Although there is a significant literature concerning the coupling between surface and bulk magnetization, 1-3 the remaining papers are scattered thinly among a variety of applications, including nematic liquid crystal ordering at solid interfaces, 4 bulk quenching of surface exciton emission, 5 bulk-influenced surface state behavior at steps on metals, 6 and bulk doping effects on surface band bending in semiconductors. 7 This last paper treats the effects of the semiconductor bulk on surface electronic properties. However, given the capacity of bulk semiconductors to support space charge, the reverse influence is also plausiblenamely, that surface and interface electronic properties affect bulk semiconductor behavior. The present work offers evidence for such effects by demonstrating how a controllable degree of band bending can be introduced at a semiconductor-oxide interface by ion bombardment and annealing, and outlines a mechanism by which the resulting space charge can affect dopant diffusion deep within the semiconductor bulk. The findings have significant implications for p-n junction formation during conventional complementary metal oxide semiconductor ͑CMOS͒ device processing of transistors. The results also offer insights into the nature of defect healing at semiconductor-oxide interfaces at temperatures much higher than those explored previously in the literature.
It is well known that the Si-SiO 2 interface can be prepared remarkably free of electrically active defects. Bond rupture by ion bombardment at energies of a few hundred electron volts should be capable of creating controlled amounts of such defects, although we are aware of no published literature regarding the possibility. If bond breakage at the interface resembles that at a free Si surface, as few as 10 12 defects/cm 2 ͑i.e., a fractional interface coverage of 0.01 to 0.001͒ can induce pinning of the interface Fermi level 8 in the rough vicinity of midgap. 9 For bulk material with substantial doping, such pinning would lead to band bending in the underlying Si on the order of 0.5 V. The corresponding electric field near the interface would rise to levels sufficiently high to perturb the dielectric constant at optical frequencies 10 and thereby be detectable by optical methods.
We exploited this phenomenon to measure with photoreflectance the degree of band bending at the Si-SiO 2 interface after ion bombardment. Photoreflectance ͑PR͒ is one of a class of modulation spectroscopies in which a semiconductor is periodically perturbed, and the resulting change in dielectric constant is detected by reflectance. 11, 12 PR accomplishes the modulation with a chopped laser beam having h greater than the fundamental band-gap energy E g . Photogenerated minority carriers migrate to the interface and recombine with charge stored there. The resulting change in built-in field affects the surface reflectance R in narrow regions of wavelength corresponding to optical transitions of the substrate material. The small reflectance change ⌬R/R exhibits a spectral dependence that is monitored with a weaker, independent probe beam using phase-sensitive detection. The presence of a nonzero PR spectrum demonstrates unequivocally the existence of surface band bending, and experiments as a function of temperature and pump intensity can yield useful estimates of the degree of this band bending.
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II. EXPERIMENT
Experiments were performed in a small turbomolecularly pumped ultrahigh vacuum chamber set up in conjunction with optics for PR as described elsewhere for a similar system. 12 Such systems are typically capable of base pressures in the low-10 Ϫ9 -torr range. The chamber was equipped with a variable energy ion gun ͑up to 2.0 keV͒ for ion implantation. Samples of dimensions 1.2 cmϫ1.0 cm were cut from boron-doped Si͑100͒ wafers with resistivity of 0.014 ⍀ cm corresponding to a doping level of 1ϫ10 18 cm Ϫ3 . In experiments requiring PR measurements as a function of temperature, resistive heating was employed, with temperature monitored by a chromel-alumel thermocouple. A 1000-W Xe arc lamp was used for rapid ͑75°C/s͒ heating during kinetic measurements, with temperature monitored by an optical pyrometer. A He-Ne laser operating at 632 nm served as the pump beam. Spectra were collected in the vicinity of the nearly degenerate E 1 and E 0 Ј ͑Ref. 14͒ optical transitions of Si, which lie near 3.4 eV.
PR spectra from the free Si͑100͒ surface were obtained by removing native oxide with aqueous HF, quickly transferring the sample to the vacuum chamber, baking to achieve ultrahigh vacuum, and heating the surface at 800°C for 2 min. Independent experiments in our laboratory with Auger spectroscopy have shown that this procedure yields an oxide-free surface. 15 Oxided surfaces were formed by exposure to 7 mbar of O 2 for 15 min at 940°C. Published oxidation kinetics 16 indicate that oxide thickness from this procedure should be 2.0 nm. After oxidation, samples were implanted with 0.5-keV Ar ions. We used Ar to induce interface bond breakage without significantly affecting the doping level of the underlying Si, which affects both the amplitude and the line shape of the PR spectra and therefore complicates data interpretation. Fluences ranged up to 1ϫ10 15 cm Ϫ2 .
III. RESULTS AND DISCUSSION
A. Existence and magnitude of band bending at the implanted interface Figure 1 shows room-temperature PR spectra at various illumination intensities for samples implanted with 1 ϫ10 15 cm Ϫ2 Ar ions. The nonzero spectral amplitude (⌬R/Rϳ10 Ϫ3 ) in the figure demonstrates the existence of band bending at the interface. An ion fluence study revealed zero amplitude below roughly 1ϫ10 11 ions/cm 2 . In the range from 1ϫ10 11 to 1ϫ10 13 ions/cm 2 , spectral amplitude increased monotonically with no change in the line shape. Above 1.2ϫ10 13 ions/cm 2 this amplitude progression continued, but the entire spectrum shifted downward slightly in energy ͑ϳ0.03 eV͒ with no other change in shape. Above 1ϫ10 15 ions/cm 2 , the amplitude, shape, and position all remained unchanged.
To quantify the magnitude of the band bending, we used a procedure detailed elsewhere. 13 Briefly, the PR spectrum was fitted to the classic third-derivative functional form expected for electromodulation spectroscopies of this type at optical transitions far from the fundamental band gap:
where C denotes an amplitude factor, is a phase factor, ⌫ is a broadening parameter, and E crit and n are the energy and dimension of the critical point associated with the transition. As mentioned earlier, there are actually two optical transitions in the region of the measurements: the E 1 and E 0 Ј .
These transitions of Si are nearly degenerate, however, being separated by less than 0.1 eV. 14 Elsewhere, 13 we have shown that the resulting spectra can be adequately fit by a single line shape having the form of Eq. ͑1͒ with the parameter n chosen phenomenologically to be 3. The remaining parameters can then be extracted from the experimental spectra according to the methods outlined in Ref. 10 . With the assumption of full depletion in the space-charge region ͑and negligible tunneling through this 25-nm-wide layer͒, the amplitude factor C scales linearly with the photoinduced change in surface potential, 17, 18 which in turn varies logarithmically with the photocurrent. 19, 20 It can then be shown 13 that C obeys
where k denotes Boltzmann's constant, T the temperature, I the pump beam intensity, and V s the surface potential referenced to flat band. A 1 and A 2 represent constants describing optical properties of the substrate. Variation of C with I at constant T yields the composite parameter A 2 exp(V s /kT). An Arrhenius plot of A 2 exp(V s /kT) at different temperatures yields V s . There is a mean electric field assumption that tacitly underlies this analysis; that is, it is assumed that a space-charge region is well defined and uniform everywhere on the specimen surface. It may be asked whether this assumption properly applies in the presence of the high doping concentrations (1ϫ10 18 cm Ϫ3 ) and possible charge compensation induced by ion-generated defects in our specimens. Indeed, Lu et al. 21 have shown that at carrier concentrations significantly above 10 18 cm Ϫ3 in GaAs, the PR signal at the E 0 transition disappears. This phenomenon was attributed to spatial fluctuations in effective surface depletion depth; random variations in the spacing of dopant atoms become comparable to the depth of the space-charge region, which broadens the PR spectra into unobservability. At lower concentrations, however, these workers found that a meanfield line shape description worked adequately.
It has also been shown that the E 1 line shape for GaAs changes at carrier concentrations between 1ϫ10 17 and 1.5 ϫ10 18 cm Ϫ3 . 22 Very substantial dopant compensation was known to be present at the highest carrier concentrations. Nevertheless, the functional form of Eq. ͑1͒ still adequately fit the PR data. Changes in ⌫ were attributed to dopantinduced spectral broadening, presumably due to increased carrier scattering. Changes in were attributed primarily to variations in electric field strength over the penetration depth of the probe light. Fujimoto et al. 23 have similarly encountered no difficulty in using Eq. ͑1͒ for Si doped to levels comparable to ours. Their material was not damaged by implantation the way ours was, but we have found by comparing PR signals from unimplanted, atomically clean Si and implanted, oxidized Si that the PR line shape does not change significantly. Based on these various lines of evidence, we conclude that the mean-field assumption is adequate. Figure 2 shows Arrhenius plots connected with Eq. ͑2͒ for clean Si͑100͒ and for oxidized, Ar-implanted material; V s equals 0.52Ϯ0.01 and 0.40Ϯ0.02 eV for the respective surfaces. The value for clean Si͑100͒ is higher than that of 0.33 eV obtained by Fujimoto et al. 23 by a similar method for n-type Si͑100͒ with a similar doping level. We note, however, that although the surfaces in Ref. 23 were nominally free of adsorbate, the precise degree of cleanliness cannot be ascertained from the reported data. Photoemission results for clean Si͑100͒ exist but have weaknesses. Himpsel et al. 24 reported that E F on undoped Si(100)-(2ϫ1) lies 0.34 eV above the valence-band maximum based on core-level photoelectron emission at room temperature. However, they based this result on an early value for E F ϪE VBM of 0.33 eV reported by Allen and Gobeli 25 for a different surfacecleaved Si(111)-(2ϫ1). Himpsel et al. 26 subsequently made improved measurements on Si(111)-(2ϫ1) to yield 0.40 eV. Thus, the earlier result for Si(100)-(2ϫ1) must be readjusted to 0.41 eV. This result lies within about 0.1 eV of our result, which is rather close given varying crystal faces and doping levels employed in the relevant literature.
B. Annealing behavior of band bending: Distribution of activation energies
After implantation, specimens were annealed isothermally under vacuum for various times and temperatures. All PR spectra were collected at 300 K after quenching because the signal for Si becomes quite small above 150°C ͑Ref. 13͒ due to substantial thermal generation of charge carriers. Annealing studies revealed that band bending remained nonzero for several minutes of annealing up to temperatures of at least 940°C ͑the limit of our apparatus͒. Two distinct kinetics regimes characterize the evolution of band bending. Between roughly 300 and 500°C, the pinning amplitude C increases to a saturation value C sat ͑corresponding to a band bending of 0.56 eV͒. Above roughly 750°C, C decreases to zero. The variation of amplitude C with time in the two regimes appears in Figs. 3͑a͒ and 3͑b͒ . The rate constants describing the evolution of C obey simple first-order kinetics in both regimes as shown in Figs. 4͑a͒ and 4͑b͒. Arrhenius plots describing the temperature dependence of the two rate constants appear in Fig. 5 . In the low-temperature regime, the rate constant k low obeys (2.4ϫ10 1Ϯ0.1 min Ϫ1 )exp(Ϫ0.20 Ϯ0.02 eV/kT). The corresponding high-temperature rate constant k high obeys (4.9ϫ10 3Ϯ0.1 min Ϫ1 )exp(Ϫ0.89 Ϯ0.02 eV/kT).
The transformations in both regimes take place at temperatures higher than those characterizing other defects known to exist at the Si-SiO 2 interface. For example, emission and capture of charge carriers by interface traps in metal oxide semiconductor ͑MOS͒ structures takes place at roughly 200 K. 27 So-called P b centers correspond to Si dangling bonds at the Si(111)-SiO 2 ͑Ref. 28͒ and Si(100)-SiO 2 ͑Ref. 29͒ interfaces. Formation of these defects 30 and reaction with molecular hydrogen 31, 32 take place at lower temperatures and have activation energies greatly different from ours.
The activation energies we obtain for k low and k high fall far below the values expected for first-order reactions in the respective temperature regimes. With ''normal'' preexponential factors near 10 13 s Ϫ1 , the respective activation energies would be roughly 1.8 and 2.9 eV at 400 and 800°C, respectively. Large-scale free-surface reconstructions for Si͑111͒ and GaAs͑100͒ exhibit similarly low values. 12 However, ion fluences of only 1ϫ10 11 ions/cm 2 ͑equivalent to roughly 0.01% of a monolayer͒ are required to initiate band bending. This fact suggests that point defects govern the kinetics rather than large-scale rearrangements. Bulk diffusion of point defects or atomic reactants also cannot explain the results. Activation energies for hopping of such species through both Si ͑Ref. 37͒ and SiO 2 ͑Ref. 33͒ tend to be 1 eV or less. With normal hopping prefactors on the order of 10 Ϫ3 cm 2 /s, the diffusion lengths would be too long to be rate limiting.
We consider it more likely that the kinetics reflect healing by local rearrangements of defects having a wide variety of geometries, leading to a wide and possibly continuous distribution of activation energies. Studies of P b centers indicate that the defected Si-SiO 2 interface supports silicon atoms in various oxidation states ranging from ϩ1 through ϩ4. 34 Indeed, the density of suboxide states ͑lower than ϩ4͒ appears to vary in proportion to P b center density for interfaces of SiO 2 with both Si͑100͒ and Si͑111͒. 34 A similar correlation has been found for oxide interfaces with Si-Ge alloys. 34 Evolution kinetics for surface transformations with continuous distributions of activation energies have been studied in detail, particularly for gas desorption, and are known to exhibit abnormally low effective activation energies. 35 As temperature increases, excitation of slightly higher-energy states coupled with completion of transformation in slightly lower energy states conspire to attenuate the temperature dependence of the aggregate rate. Weakened temperature dependences give rise to lower effective activation energies. Such effects probably also explain the abnormally low activation energy for defect annihilation in bulk Si damaged by ion implantation, 36 wherein local lattice rearrangement ͑of indeterminate but probably variable type͒ has been cited as the probable healing mechanism.
C. Coupling to bulk dopant motion
Band bending at the defected interface ͑or at a clean surface͒ provides a means by which interface defects can couple to charged point defects in the underlying semiconductor, influencing their motion. Examples of such defects include interstitial silicon, which can exist as Si 2ϩ , Si 0 , and Si Ϫ , 37 and interstitial dopants such as boron, which can exist as B i ϩ , B i 0 , and B i Ϫ , 38 and as complexes (B-Si) ϩ , (B-Si) 0 , and (B-Si) Ϫ . 39, 40 For p-type doping, interstitial atoms of B and Si are positively charged. The field points into the bulk as shown schematically in Fig. 6 and therefore tends to repel the interstitials from the interface.
The magnitude of this repulsive effect can be estimated as follows. At large doping levels (Ͼ10 20 cm Ϫ3 ) characteristic of many CMOS device processing applications, the spacecharge region in the semiconductor is nominally just a few nanometers wide. At these high carrier concentrations, its depth will vary with position because of the random distribution of dopants as discussed above. Despite this variation, the magnitude of the average electric field E in this region can be very roughly approximated from well-known meanfield expressions and is quite large: 2ϫ10 6 V/cm. This field introduces a drift component to the interstitial flux J in addition to the diffusive component according to
where N represents the concentration of interstitials, D the corresponding diffusivity, and z the charge. The carrier mobility can be approximated roughly ͑since the semiconductor is degenerate͒ as qD/kT. In the limit that the interface approximates a ''perfect'' sink, so that N decreases to zero, ⌬N approaches N. Equation ͑3͒ can then be rewritten as
For a band bending of ϳ0.5 eV, the drift-related parameter B in Eq. ͑4͒ exceeds the diffusion-related parameter A by more than an order of magnitude even at temperatures approaching 1000°C. Thus, the field is sufficiently strong to virtually stop the motion of positively charged B and Si interstitials toward the interface. ͑An analogous effect would be observed for negatively charged defects diffusing in n-type material.͒ The opposing field transforms the interface from a significant sink into a good reflector. Note that this rough treatment represents a conservative estimate. The Si-SiO 2 interface provides a significant, but not perfect, sink for free interstitials, 41 meaning that ⌬NϽN. Under these conditions, the dominance of drift over diffusion becomes even more accentuated.
Thus, the defects at the interface can couple to the motion of charged defects in the underlying bulk by setting up a space-charge region very close to the interface that strongly repels the bulk defects. One way to represent this repulsion is through the effective interface boundary condition for the diffusion equation describing charged bulk defects. The strong repulsion in the near-interface region in effect makes the boundary condition more reflecting, thereby changing the concentration profile of the bulk defects. In situations wherein these defects mediate diffusion of impurities or other species within the bulk, this change in profile inevitably induces a corresponding change the concentration profile of the mediated species, which in turn leads to modified bulk material properties.
D. Implications for CMOS device processing
These considerations have direct relevance for the formation of p-n junctions in field-effect transistors. Junctions are typically created by ion implantation of dopants through a thin layer of SiO 2 ͑Ref. 42͒ followed by heating to 1000-1100°C for 1 s or less to remove implantation damage and electrically activate the dopant. However, much research has shown 43 that bulk defects created by implantation mediate rapid dopant diffusion during annealing, which substantially deepens the junction ͑particularly for boron͒ and degrades subsequent device performance. A great deal of effort has sought to minimize this ''transient-enhanced diffusion,'' with the effort guided by detailed modeling of the diffusion of the various point defects and the reactions among them. 44, 45 Extrapolation of the kinetic data presented here to the temperature range of processing interest shows that implantation-induced band bending persists throughout the annealing step. The corresponding loss of an important interfacial sink for interstitials ͑particularly of Si͒ should increase the average concentration of interstitials deeper in the bulk. This increase speeds the rate of kick-in and kick-out reactions between the interstitials and dopant atoms residing in substitutional lattice sites, thereby increasing the net mobility of the dopant. The enhanced mobility inevitably leads to an undesired increase in the depth of the junction, which in current advanced devices lies a few tens of nanometers below. 46 This scenario suggests that one previously unrecognized limitation to obtaining shallower junctions and correspondingly improved device performance is implantation-induced band bending. Processing methods aimed at reducing band bending after implantation should lead to larger rates of interstitial incorporation at the interface, thereby resulting in shallower junctions.
IV. CONCLUSION
The results presented here point to a previously unrecognized way in which electrically active surface defects can influence the motion of charged mobile species in the underlying bulk. Such motion can determine the material properties of the bulk ͑such as doping profile after device processing͒. Coupling of this sort is likely to become increasingly important as semiconductor devices of all sorts shrink to smaller sizes, so that surface and interfaces lie close to the active regions of the devices. The present work has offered an example of how physical and thermal means might be used in tandem to avoid unwanted dopant motion. However, it is easy to envision greatly expanded possibilities for controlling such coupling by adding chemical means to the arsenal for modifying surface and interface defects, and by focusing not only an avoidance but also on the proactive tailoring of material properties in the confined spaces of new generations of devices.
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